The sandfly Lutzomyia longipalpis (Lutz and Neiva, 1912) is the main vector of American Visceral Leishmaniasis. In spite of its medical importance and several studies concerning adult digestive physiology, biochemistry and molecular biology, very few studies have been carried out to elucidate the digestion in sandfly larvae. Even the breeding sites and food sources of these animals in the field are largely uncharacterized. In this paper, we describe and characterize several carbohydrases from the gut of L. longipalpis larvae, and show that they are probably not acquired from food. The enzyme profile of this insect is consistent with the digestion of fungal and bacterial cells, which were proved to be ingested by larvae under laboratory conditions. In this respect, sandfly larvae might have a detritivore habit in nature, being able to exploit microorganisms usually encountered in the detritus as a food source.
Introduction
There are more than five hundreds known species of Sandflies (Diptera: Psichodidae: Phlebotominae) (Galati, 2003) , and they are vectors of diseases, such as Visceral and Cutaneous Leishmaniasis and Bartonellosis, besides transmitting other trypanosomatids and arboviruses (Sherlock, 2003) . Adult females are blood feeders, and adults of both sexes feed routinely on plant and aphid sugars (Brazil and Brazil, 2003) . The main vector of Visceral American Leishmaniasis is Lutzomyia longipalpis (Soares and Turco, 2003) , a sandfly species which is notably composed of several subpopulations and cryptic subspecies, based on evidence of pheromone and genetic studies (Araki et al., 2009) .
Several studies have focused on the alimentary habit of adult sandflies, especially because the Leishmania parasite is ingested and transmitted during a blood meal (Lainson and Rangel, 2005) . These studies include feeding behavior (Ready, 2008; Müller and Schlein, 2004) , feeding preference (Sant'Anna et al., 2008; Schlein and Muller, 1995) , role of salivary components in parasite transmission (Rousová and Volf, 2006; Kamhawi, 2000; Titus and Ribeiro, 1988) , biochemical characterization of some digestive enzymes (Gontijo et al., 1998; Jacobson and Schlein, 2001; Borovsky and Schlein, 1987) , and extensive sequencing of gut expressed genes, some of them being induced after feeding and infection (Ramalho-Ortigão et al., 2007; Dostálová et al., 2011; Jochim et al., 2008) . Interference in gut functions could lead to impair the development of parasites in the insect (Coutinho-Abreu et al., 2010) . Finding such a pathway is the basis of some blocking strategies, including vaccines, against Leishmaniasis.
In spite of the studies concerning the feeding of adult sandflies, knowledge about larval feeding of these insects is scarce. This is mainly because of the difficulty of finding sandfly larvae in nature. In fact, the natural breeding sites and diet of these insect larvae are practically unknown. Recently, Alencar et al. (2011) described a close association between sandfly larvae and the litter from tree bases, specially those with buttress roots, in the Brazilian Amazon forest. Based on the conditions that favor the development of sandfly larvae under laboratory conditions (Wermelinger and Zanuncio, 2001) , it is currently accepted that sandfly larvae are detritivore animals. Notably, sandfly larvae have a terrestrial habit and feed on soil detritus, differently from other Psychodidae, which have aquatic larvae (Sherlock, 2003 There are only a few studies on the digestion of sandfly larvae, especially concerning the description of the midgut anatomy, determination of the luminal pH and proteolytic activities (do Vale et al., 2007) . However the very small size of these insects (ranging from 1-2 mm in total length) hinders detailed biochemical studies of its enzymatic activities. The usual diet given to raise sandfly larvae under laboratory conditions is composed of a rotten substrate presumably rich in fungal, bacterial and plant material. This fact lead us to study the enzymes involved in the degradation of cell walls of these potential food sources, a necessary step to acquire the nutrients from the cells.
In this report, we describe the presence of several glycosidases in larvae from L. longipalpis, and from the standard food routinely used by us to raise these insects. Food presented extremely high specific activities of all the enzymes tested, and was many orders of magnitude more active than the gut contents. Focusing on carbohydrases, we carried out a detailed biochemical comparison between enzyme activities from larvae and food, showing that, contrary to what has been observed in many insect groups (Martin, 1987) sandflies do not seem to acquire major enzymatic components present in its food. Besides that, the glycosidase profile of these insects is coherent to its putative detritivore habit, with the presence of beta-1,3-glucanase, chitinase, lysozyme and several glycosidases. These enzymes were partially characterized and the ingestion of fungal and bacterial cells was demonstrated under laboratory conditions, which suggest that L. longipalpis larvae could exploit these microorganisms as nutrients in nature.
Materials and methods

Animals and chemicals
L. longipalpis were collected at Gruta da Lapinha, Minas Gerais, Brazil. Adult sand flies received continuously a 70% (w/v) sugar solution in cotton wool. Females were routinely fed on hamsters (Mesocricetus auratus) anesthetized with xylazine (10 mg/kg) plus ketamine (200 mg/kg). Engorged females were transferred to rearing containers (Barretto and Coutinho, 1940) , with a piece of cotton wool soaked in sugar solution on it. Dead females were removed after oviposition. Larvae received a mixture of grinded rabbit faeces, rabbit food and earth (1:1:1), which is left at room temperature for 15 days for aging before use. From the third instar onwards, larvae were fed with a mixture (1:1) of soya protein (Carrefour, Brazil) and cereal flakes (Neston, Nestlé, Brazil) . This food is offered as a pellet in the middle of the container, to avoid the spreading of fungus which grows on it intensively. The colony was maintained at 26°C ± 1°C, 70-80% humidity and natural light. Fourth instar larvae with the gut full of food and mycelia growing on the white food were collected from the same rearing cages for all experiments. More details about sand fly capture and rearing in laboratory conditions are described in Volf and Volfova (2011) .
All substrates and chemical substances used were acquired from Sigma (USA) and were of analytical grade. All larvae samples were immobilized by placing them on ice, after which they were dissected in cold 150 mM NaCl.
Protein determination and hydrolase assays
Protein concentration was determined according to Smith et al. (1985) , using bovine serum ovalbumin as a standard. Enzyme activities were evaluated by the release of 4-methylumbelliferone (4-MU) according to Baker and Woo (1992) b-1,3-glucanase was determined by measuring the release of reducing groups (Fox and Robyt, 1991) from 0.04% (w/v) laminarin (from Laminaria digitata, Cat. no. L9634). All enzymes were assayed at 30°C under conditions such that activity was proportional to protein concentration and to time. Controls without enzyme or without substrate were included. One unit of enzyme (U) is defined as the amount that hydrolyses 1 lmol of substrate (or bonds)/min.
For determination of specific enzyme activities in the larval midgut (50 larvae per sample), midgut tissues and contents were separated from each other and homogenized with the aid of a micro tube homogenizer (Model Z 35, 997-1, Sigma, USA) in 2 mL of Triton X-100 0.1% (v/v) (according to Gontijo et al., 1998) containing 20 mM PMSF, 20 lM pepstatin A and 20 lM E64. All larval homogenates were freshly prepared. To determine the activities in food, 100 mg of fresh fungal mycelia growing on the larval food was collected from the L. longipalpis larval boxes and homogenized in 5 mL of Milli Q water containing 20 mM PMSF, 20 lM pepstatin A and 20 lM E64 with the aid of a Potter-Elvehjem homogenizer with 10 strokes. Food homogenates were stored at À20°C until use without noticeable changes in the activities. Just before the assays, the preparation above was diluted 50 times and homogenized with Triton X-100 1% (v/v). Unless otherwise specified, activities were assayed in 120 mM citrate-sodium phosphate pH 6.0 (a-glycosidase, b-mannosidase, N-acetyl-b-glucosaminidase), citrate-sodium phosphate pH 3.0 (neuraminidase), EPPS pH 7.0 (b-glycosidase), MES pH 5.0 (a-mannosidase), 60 mM citrate-sodium phosphate pH 6.0 (lysozyme/chitinase) or 40 mM MES pH 7.0 (b-1,3-glucanase).
Determination of molecular masses by gel filtration
Samples containing 50 whole larval guts or 90 mg of larval food were homogenized in 1 mL 200 mM sodium phosphate pH 6.0 containing 20 mM PMSF, 20 lM pepstatin A and 20 lM E64. These preparations were centrifuged for 10 min at 10,000g at 4°C and the soluble fractions were collected and passed through a PVDF filter (Millex Ò -HV, Durapore). The soluble fractions obtained from larval guts or from food were applied into a HR 10/10 Superdex 200 column (GE Healthcare Biosciences) equilibrated with 50 mM Sodium Phosphate pH 6.0 containing 150 mM NaCl. Proteins were eluted with the same buffer (30 mL), with a flow of 0.5 mL/min, and fractions of 0.5 mL were collected. Molecular mass standards used were aprotinin (6.5 kDa), cytochrome C (12.4 kDa), bovine serum albumin (66 kDa), alcohol dehydrogenase (150 kDa), amylase (200 kDa) and blue dextran (2000 kDa).
Kinetic studies
To study the effect of pH on enzyme activity, preparations containing 50 whole larval guts were homogenized in 5 mL of 20 mM PMSF, 20 lM pepstatin A and 20 lM E64. Food homogenates (see above) were used after 50 times dilution with Milli Q water. Assays were made using the following buffers (120 mM in fluorimetric assays and 40 mM in b-1,3-glucanase assays): citrate-sodium phosphate (pH 3.0-7.0), Sodium Acetate (pH 3.6-5.0), Sodium Cacodylate (pH 5.0-7.0), MES (pH 5.0-7.0), Sodium Phosphate (pH 7.0-8.0), EPPS (pH 7.0-8.0), Tris (pH 7.0-9.0), Barbital (pH 8.0-9.0), AMPSO (pH 8.0-10.0) and Sodium Carbonate (pH 9.0-10.0).
To study enzyme stability in larval homogenates at pH 9, preparations containing 50 whole larval guts were homogenized in 2 mL of 8 mM sodium carbonate pH 9 containing 1% (v/v) Triton X-100, 20 mM PMSF, 20 lM pepstatin A and 20 lM E64. Food homogenates (see above) were diluted twice and homogenized in 66 mM sodium carbonate pH 9 containing Triton X-100 0.1% (v/v), 20 mM PMSF, 20 lM pepstatin A and 20 lM E64. The enzyme stability was tested by incubation at 30°C of soluble fractions obtained from larval guts or from food in 8 mM or 66 mM sodium carbonate pH 9.0, respectively. For larval enzymes, the remaining activity after different times of incubation was measured using the substrates and conditions described in Section 2.3. Food activities were assayed in 120 mM citrate-sodium phosphate pH 6.0 (N-acetyl-b-glucosaminidase), citrate-sodium phosphate pH 7.0 (a-glycosidase, b-mannosidase), citrate-sodium phosphate pH 3.0 (neuraminidase), MES pH 6.0 (lysozyme/chitinase), MES pH 7.0 (b-1,3-glucanase), citrate-sodium phosphate pH 7.0 (a-mannosidase) or EPPS pH 7.0 (b-glycosidase). Pseudo first-order rates of inactivation were determined from a plot of log Relative Remaining Activity against time (Laidler and Bunting, 1973) .
Microorganism staining and detection
Aliquots (2 mL) of Serratia marcescens SM365, Staphylococcus xylosus, Escherichia coli D31 and Saccharomyces cerevisiae S14 cultures grown overnight at 37°C were centrifuged (10 min, 10,000g) at room temperature. The supernatant was discarded and cells were resuspended in the same volume of PBS 10 mM pH 7.4, and then centrifuged again. After which the pelleted cells were resuspended and incubated for 1 h at room temperature in 2 mL of FITC 0.5 mg/mL in Na 2 CO 3 200 mM pH 10, and then washed three more times with PBS (following the conditions above). Cells were then mixed with approximately 65 mg of larval food and this mixture was offered to 5 fourth instar larvae. After overnight incubation at 26°C, larvae were dissected, and the midgut luminal contents were collected in 10 lL of sterile NaCl 0.9% (w/v) and centrifuged (1 min at 10,000g at room temperature). The supernatant was mounted on glass slides for fluorescence observation in a Zeiss AxioObserver (63X), with two filter sets, Zeiss-15 and Zeiss-10 (excitation BP 450-490; beam splitter FT 510; emission BP 515-565).
Results
Carbohydrase activity in the midgut of L. longipalpis larvae and food
The b-1,3-glucanase activity in the midgut of L. longipalpis larvae was detected by the release of reducing sugars from laminarin.
Chitinase and lysozyme were detected using the fluorogenic substrate 4-methylumbelliferil-b-N 0 ,N 00 ,N 000 -triacetyl-chitotrioside (MUC3). MUC3 is a better substrate for chitinase, but lysozyme can also hydrolyse this substrate. Glycosidase activities were detected using fluorogenic substrates. All activities were measured in separated preparations of midgut contents and midgut tissues. The activities detected in the midgut of L. longipalpis larvae are presented in Table 1 .
Of all the enzymes studied, b-1,3-glucanase was the carbohydrase with the highest activity in the larval midgut, and it was the only which was present in higher amounts in the midgut contents. All other activities were more active in the midgut tissue (b-glycosidase, a-glycosidase, b-N-acetyl-glucosaminidase, chitinase/lysozyme, a-mannosidase), or were distributed in similar amounts between these two compartments (b-mannosidase, sialidase).
The food from the rearing pots was assayed for the enzymes that showed significant activity in the midgut of sand fly larvae. The results are presented in Table 1 . Larval food showed intense activity for all substrates tested. We compared the activities present in identical masses (wet weight) of food and larvae midguts (Table 1 ). In some cases (chitinase/lysozyme, b-glycosidase, b-mannosidase) food activity was several times higher than the activity present in the larval midgut.
Effect of pH on carbohydrase activities from larval gut and food
Owing to the presence of high carbohydrase activities in larval food, we decided to make comparisons between the enzymes in the larval gut and the ones possibly acquired from food, in terms of some kinetic and molecular properties. In all experiments, comparisons were made between extracts of larval guts and food obtained from the same rearing pot. First, we determined the effect of pH on all carbohydrase activities studied. The results are shown in Figs. 1 and 2.
In general, the carbohydrase activities from sandfly larvae have neutral or slightly acidic optimum pH, with the sole exception of sialidase, which is more active in strong acidic conditions (Fig. 2D) . Polysaccharidases have optimum activity in more alkaline and broader pH ranges than glycosidases. The b-1,3-glucanases and chitinases/lysozymes have maximal activities in pHs between 6 and 8 ( Fig 1A) and 6 and 9 (Fig 1C) , respectively, and glycosidases have more restricted pH optima at 6 (N-acetyl-b-glucosaminidase, a-and b-mannosidases, Fig 2A-C) , or between 6 and 7 (a and b-glycosidases, Fig 1B and D) .
In several cases, pH profiles from food carbohydrases are quite similar to those obtained from the larval gut. N-acetyl-b-glucosaminidase from food and larvae, for example have identical optimum pH (6). Chitinase/Lysozyme, a-and b-glycosidases, a-and b-mannosidases from these sources have slight differences in the range Table 1 Hydrolases and proteins present in midguts (tissue and contents) of L. longipalpis larvae and its food. Enzyme results are total activities displayed as lU observed in sample amounts corresponding to one animal and specific activities (in parentheses) displayed as mU/mg protein. Food activities correspond to the amount of enzyme recovered from 0.228 mg of food (wet weight) and specific activities (in parentheses). The wet weight of one fourth instar sandfly larval midgut was 0.228 ± 0.025 mg (mean plus SEM from 8 measurements). Sandfly and Food activity values are means ± SEM based on determinations carried out in six different preparations obtained from fifty insects each or $100 mg food, respectively (see Section 2 for details). Midgut larval weight was obtained by measuring 8 preparations of 50-60 dissected midguts. of maximal activity. This information is summarized in Table 2 . However, optimum pH for food b-1,3-glucanase and sialidase are very different from those obtained for larval enzymes. Food b-1,3-glucanase is typically acidic (optimum pH 5), and food sialidase is a neutral enzyme (optimum pH 7), which strongly differ from the neutral and acidic activities of sandfly larvae, respectively. For all enzymes, inhibition by a particular set of buffers was observed (Table 2 ) and in all cases we observed differences in behavior between larval and food carbohydrases.
Stability of carbohydrases from larval gut and food
We decided to compare the stability of carbohydrase activities at pH 9, which is the pH in the anterior midgut lumen of sandfly larvae. This was done to resolve cases where food and larval enzymes displayed similar optimum pH, and to confirm the differences previously observed between activities from both sources.
All activities tested showed first-order kinetics for the inactivation reaction (Fig. 3) , suggesting the presence of a major activity for each carbohydrase type. Besides that, the same enzymes from larvae or food showed distinct patterns of inactivation (Fig. 3) , losing activity with different rates of denaturation (Table 2 ). In general, the activities from larvae have longer half-lives than those from food (Table 2) , with the exception of chitinase/lysozyme (activities against MUC3) and N-acetyl-b-glucosaminidase. Among the activities tested in larvae, b-1,3-glucanase, a-mannosidase and sialidase were more stable, did not lose activity in 4 h, and chitinase/lysozyme showed the shortest half-life (290 min).
Comparison between molecular masses of larval and food carbohydrase isoforms
We decided to submit the soluble fraction from the homogenates of larval gut or food to gel filtration chromatography, in order to compare the number and molecular masses of the isoforms present in those enzyme sources. The results are presented in Figs. 4 and 5 and summarized in Table 2 .
Almost all enzymes assayed eluted as one or two major peaks after gel filtration chromatography (Fig. 4) , with the sole exception of sialidase from the sandfly gut, which lost activity after this treatment (not shown). In general, enzymes from sandfly larvae showed different chromatographic behavior (Fig. 4 ) and molecular masses (Fig. 5 and Table 2 ) when compared to activities from food, with the exception of the putative activity of lysozyme against MUC3 (see below).
Some activities of a-glucosidase, b-glucosidase and b-N-acetylglucosaminidase from sandfly larvae eluted with very high molecular masses (Fig. 4 and 5) , and in these cases the molecular masses of all isoforms could not be calculated (Table 2) . No activity from food exhibited this behavior (Fig. 4 and 5) . Table 2 Properties of hydrolases present in the midgut of L. longipalpis larvae and its food. pHo = optimum pH. Inhibitor buffers -buffers which inhibit the activity when compared to the activity measured in another buffer at the same pH. Mm -molecular mass (relative, gel filtration chromatography). Half life in pH 9 was calculated in minutes using pseudo-first order kinetics, unless no loss of activity was observed (Stable in 4 h). See Section 2 for details.
Enzyme
Sandfly larvae Food Fig. 3 . Stability in pH 9 of different activities from homogenates of L. longipalpis larvae or its food. Homogenates were incubated at pH 9 and then aliquots were withdrawn and activities were measured in the optimum pH for each enzyme. Activities displayed are (A) a-glycosidase,
Sialidase, (F) N-acetyl-b-glucosaminidase, (G) Chitinase/Lysozyme, and (H) b-1,3-glucanase, from food (X) or from larvae (s).
The activity against MUC3 from sandfly larvae eluted as two peaks (Fig 4 and Table 2 ) with quite different molecular masses, which could correspond to chitinase (85 kDa) and lysozyme (14 kDa), as both enzymes can hydrolyze this substrate (see Section 4). The same behavior was observed with food activities against MUC3 (Fig. 4) . The putative chitinase masses were quite different between the two sources (85 kDa for sandflies and 31 kDa for food; see Table 2 ), but the same was not true for the putative lysozymes (14 and 11 kDa, respectively).
In general, the soluble fraction from the larval gut of L. longipalpis seems to present several protein peaks with intermediate molecular masses (10-200 kDa) which are not present in the food in the same proportion (Fig. 5) . Besides that, a large protein peak with very high molecular mass in the larval protein profile, which seems to be an aggregate and includes the insect beta-glucosidase activity, is absent from food (Fig. 5) .
Ingestion of stained microorganisms
In our laboratory, sandfly larvae are routinely raised in a mixture of rabbit feces and soil, which is presumably rich in microorganisms. The addition of small quantities of cereal and soya flour in the center of pots with 3rd and 4th instar larvae dramatically increased their growth (not shown). Curiously, there is an intense growth of white mycelia in this flour mixture, and normally most larvae in the pot migrate and feed on this fungus (Fig. 6A) .
Considering the presence of digestive enzymes capable of digesting bacterial and fungal cell walls, and larval actively feeding on mycelia, we decided to test if sandfly larvae accepted to ingest a number of selected microorganisms. Different species of bacteria and the yeast S. cerevisiae were labeled with the fluorescent stain FITC and offered to 4th instar larvae, mixed with non-supplemented larval food. Larval food was offered in excess so the larvae were not starved. After overnight maintenance under those conditions, fluorescence coherent with ingestion of S. cerevisiae, E. coli, S. xylosus and S. marcescens could be observed in a fluorescence microscope in the midgut contents (Fig. 6B-D) . Larva controls were fed with regular food and treated in the same way but did not show any fluorescent particles (data not shown).
Discussion
Origin and properties of L. longipalpis larval midgut carbohydrases
The determination of some carbohydrase activities in larval midguts of L. longipalpis and its food revealed that carbohydrase activities present in an amount of food with identical mass of a larval midgut are, in most cases, at least ten times higher than those obtained from one insect, with the sole exceptions of a-glucosidase and sialidase. Even enzymes putatively involved in the initial digestion of microorganism cell walls, such as b-1,3-glucanase, chitinase or lyzozyme, are more active in food than in the larval midgut. In other detritus-feeding insects such as Periplaneta americana and Tenebrio molitor, the activity of these enzymes has already been compared with food activities (Genta et al., 2003 (Genta et al., , 2009 , with higher activities in the insect midgut. However, in these cases the food was artificial or was a commercial diet, with low prevalence of microorganisms. In the case of L. longipalpis, laboratory larvae are grown in a rotten material rich in bacteria and fungi (Volf and Volfova, 2011) , which are known producers of high amounts of all the activities tested.
The use of enzymes from food in insect digestion is a well-documented phenomenon, occurring in termites, siricid woodwasps, cerambycid beetles and attine ants (Martin, 1987) . In spite of that, attempts to correlate digestion in detritivore insects with food enzymes have failed (Martin, 1987) . However, due to the high activities present in L. longipalpis larval food, and the lack of data concerning digestion in sandfly larvae, we decided to investigate if larval carbohydrases in this insect are acquired enzymes. This should permit a better comprehension of larval digestive physiology, and will lay the grounds for future studies on sandfly larval digestive enzymes.
The presence of high specific activity of several glycosidases in the midgut tissue reinforces the larval origin of these enzymes. These enzymes may be attached to the midgut epithelia, being associated to the plasmatic membrane as integral or partial membrane proteins, or simply adhered to the glycocalix. Digestive glycosidases are membrane proteins in several orders of insects, and in some cases binding to the glycocalix has already been described Ferreira, 1994, 2005) . Another possibility is that these activities were detected in this compartment because they were produced by epithelial cells and were enclosed in vesicles during the process of secretion.
The comparison of molecular properties of the carbohydrases present in the food with those present in the larval midgut strongly suggest that larvae do not acquire the major enzymatic isoforms which are present in the food. This fact is coherent with the supposition that these carbohydrases are produced in the larval midgut, and therefore are probably not acquired from the diet. In this way, sandfly larvae putatively behave like other detritivorous invertebrates which, in spite of ingesting high amounts of exogenous enzymes, produce their own intestinal hydrolases (Martin, 1987) . It should be considered that the evidence presented here does not exclude the possibility that some of the enzymes studied are produced by the gut microbial community, which could include partial or obligatory symbionts. However, benefic or symbiotic associations of sandfly larvae with specific microorganisms have never been described, and this does not seem to be the case in our laboratory conditions. Anyway, this should be addressed more carefully, especially since the natural habitat of these larvae is until now poorly described, so putative beneficial effects based on the interactions of unknown microorganisms, which could produce active carbohydrases, could occur in nature.
Several nucleotide sequences which code for putative glycosidases have already been described in the midgut transcriptomes of adults of L. longipalpis (Dillon et al., 2006) , Phlebotomus papatasi (Ramalho-Ortigão et al., 2007) and Phlebotomus perniciosus (Dostálová et al., 2011) . Among the putative glycosidases reported, there are chitinase, lysozyme, alpha-glycosidase and beta-glycosidase. Besides that, a sequence which belongs to the glycoside hydrolase family 16 was reported and described as a gram-negative binding protein, but several members of this family are active beta-1,3-glucanases and this sequence contains the residues involved in beta-1,3-glucan binding and hydrolysis (not shown). In spite of the fact that these descriptions strongly suggest that those sandflies actually secrete all the activities above in the midgut, it is still not possible to correlate sequence data to the activities described in larvae, for two main reasons. Firstly, in glycosidases, it is very common to find the same enzymatic activity performed by members from distinct glycoside hydrolase families, with different sequences and structures. For example, alphaglucosidases are present in glycoside hydrolase families 4, 13, 31, 63, 97 and 122 (Cantarel et al., 2009) . Secondly, the general analysis of larval and adult transcriptomes of other dipterans strongly suggests the presence of distinct gene groups which are specifically expressed in larvae or in adults, including peritrophic membrane proteins and digestive enzymes (Venancio et al., 2009 ).
Role of L. longipalpis larval midgut carbohydrases and putative natural diet
The midgut of sandfly larvae showed high specific activities of b-1,3-glucanase and a-glycosidase, with intermediate activities of b-N-acetylglucosaminidase, sialidase, b-glycosidase, a-mannosidase, and low levels of activity against MUC3 (substrate for chitinase and lysozyme) and b-mannosidase. High levels of b-1,3-glucanase have already been described in insects feeding on detritus (Genta et al., 2003; Lucena et al., 2011) , dead (Genta et al., 2009) or live plant material (Genta et al., 2007; Bragatto et al., 2010) . The role of insect b-1,3-glucanases is still controversial, as they could be involved in disruption of fungal cells and in hemicellulose digestion. Recently, these enzymes were pointed out as being part of the innate immune system of moths (Pauchet et al., 2010) and termites (Bulmer et al., 2009 ), but these observations lack the detailed biochemical study of the specificity of the enzymes. The high b-1,3-glucanase activity observed in detritivores suggests that these enzymes are involved in degradation of fungal polysaccharides. In this case, it is possible that they are specific for b-1,3-glucans, having no activity against cereal b-1,3-1,4-glucans. This specificity has already been reported in beetles (Genta et al., 2009 ), grasshoppers (Genta et al., 2007) and cockroaches (Genta et al., 2003) . In spite of that, b-1,3-glucanases with activity against mixed b-glucans were already reported in grasshoppers (Ferreira et al., 1999) and cockroaches (Genta et al., 2003) . More information about the specificity of sandfly b-1,3-glucanases is needed to address the question of its role in cereal hemicellulose digestion; however, considering the detritus feeding habit of this insect, it is highly probable that its role is the disruption of fungal cells. It has already been shown that some insect b-1,3-glucanases have high lytic power against fungal cells (Genta et al., 2003 (Genta et al., , 2009 ). However, the demonstration of lytic activity by sandfly b-1,3-glucanases will be possible only after heterologous production of these enzymes, due to the small amount of protein that can be recovered from these insects.
Digestion of fungal or bacterial cells is related to high activities of chitinase and lysozyme, respectively. Sandfly larvae present activities against the fluorescent substrate MUC3 that seem to correspond to these enzymes, with different molecular masses (85 and 14 kDa). Nevertheless, activity against MUC3 in midgut samples is extremely low, which is incongruent with an important role of those enzymes in the overall digestion. One important possible outcome of the presence of highly active chitinases in the insect midgut is the degradation of the peritrophic membrane. This is the putative reason why some insect digestive chitinases lack the chitin binding domain (Genta et al., 2006 ). This could be a possible explanation to the low chitinolytic activity observed. On the other hand, the lysozyme observed could be involved in epithelial defense against bacteria that have been induced by diets contaminated with pathogenic microorganisms. In other dipteran larvae, such as Musca domestica (Cyclorrapha), high levels of lysozyme are observed in the midgut contents, associated with ingestion of high amounts of bacterial cells and its death in an acidic compartment in the midgut (Lemos and Terra, 1991; Regel et al., 1998) . In this way, sandfly midgut lysozymes apparently do not have the same physiological role as those observed in cyclorrapha diptera.
From the glycosidases studied, a-glycosidase and b-N-acetylglucosaminidase are the most active. These enzymes are probably involved in the final digestion of glycogen or chitin from fungi. Surprisingly, b-glycosidase levels are extremely low. As this enzyme is putatively involved in the final digestion of b-glucans, and b-1,3-glucanase is highly active in the sandfly midgut, we would expect high activity levels of b-glycosidase. Insects generally have high activity of b-glycosidase in the midgut, with the presence of at least two isoforms. Insect b-glycosidases are classified depending on their best substrate, being either class A (natural oligosaccharides) or class B (synthetic substrates with hydrophobic aglycone) enzymes (Terra and Ferreira, 2005) . Some insect b-glycosidases have no activity at all against synthetic substrates, being capable of hydrolysis of oligo-or disaccharides only. As we did not use laminaribiose (b-1,3-linked glucose-disaccharide) as substrate in our screenings, we cannot rule out the possibility that the enzyme responsible for the final steps of b-1,3-glucan digestion is a class A b-glycosidase, which would explain the low activity of b-glycosidase observed. Another interesting possibility is that the b-1,3 glucanase of L. longipalpis might be a highly processive enzyme, generating glucose from b-1,3-glucans without the necessity of a b-glycosidase. This type of activity has already been reported in insects (Genta et al., 2007 ). All the glycosidases tested (a-glycosidase, b-glycosidase, a-mannosidase, b-mannosidase, b-N-acetyl-glucosaminidase, sialidase) could be involved in the final digestion of glycoconjugates as glycoproteins and glycolipids (Terra and Ferreira, 1994) . Glucose, mannose and N-acetyl-glucosamine are abundant on the surface of fungal, bacterial and protozoan cell walls (Latge, 2007; Schmidt et al., 2003; Mendonca-Previato et al., 2005) . Sialic acid is common in protozoan cell surfaces, but its presence in certain fungi and bacteria has also been described (Chen and Varki, 2010) . Some properties of the enzymes studied reinforce the compartmentalization of sugar digestion in the midgut of sandfly larvae. The optimum pHs of b-1,3-glucanase, chitinase and lysozyme are more alkaline than the glycosidases tested, having significant activities at pH 9, the putative pH of the luminal contents in the anterior midgut (do Vale et al., 2007) . This is coherent with their role in the initial attack of fungal or bacterial polysaccharides. In general, L. longipalpis glycosidases have more acidic optimum pH, and no activity in the highly alkaline pH in the anterior midgut. This could be consistent with their having more activity in the posterior part of the midgut, where the luminal pH is more acidic (do Vale et al., 2007) , on the surface of the epithelia, or in the ectoperitrophic space, where the pH could differ from those observed for the luminal contents.
The localization of glycosidases in the ectoperitrophic space or on the epithelial surface is reinforced by the observation of very high molecular masses for some specificities (a-glycosidase, b-glycosidase, b-N-acetyl-glucosaminidase, a-mannosidase), which could correspond to oligomers or solubilized membrane proteins. Insect digestive enzymes with high molecular masses are frequently restricted to the ectoperitrophic space, as they tend to be larger than the pores of the peritrophic membrane (Terra et al., 1979) .
The presence of digestive enzymes capable of hydrolyzing fungal and bacterial cell wall saccharides suggests that these microorganisms are important in the diet of sandfly larvae. Importantly, Volf et al. (2002) isolated and described several species of gramnegative bacteria present in larval food, sugar meals and from the gut of Phlebotomus duboscqi larvae, pupae and females, with special reference to Ochrobactrum sp., which is passaged transtadially. Our observation of sandfly larvae actively feeding on mycelia, and the ingestion of selected stained yeasts and bacteria are coherent with these earlier reports, adding new species to those which sandflies can use as food and reinforces the nutritional role of microorganisms in these insects. In spite of that, more detailed analysis of the microorganisms present in the diet of these insects, and their impact on the development and expression of digestive enzymes is needed. These issues are being currently addressed by our group, with the isolation of several fungal and bacterial species from the diet and from the midgut of L. longipalpis larvae, which suggests that these microorganisms are frequently ingested by larvae. Identification of these organisms could even help to clarify if they could be the putative producers of the carbohydrases detected in the larval midgut. However, the experiments presented here did not discriminate between active and incidental ingestion of the tested microorganisms. In this respect, experiments about food preference (contaminated vs non-contaminated diets) might be elucidative. However, our data clearly shows that sandfly larvae do not refuse food contaminated by fungi or bacteria. Studies on the ingestion of known bacterial and fungal cells by sand fly larvae could help to reveal new aspects of sand fly physiology, and contribute to the development of control strategies or experimental tools based on genetically modified organisms.
In summary, sandfly larvae do not seem to acquire the major carbohydrase activities present in the food and the presence of some digestive enzymes in their midgut suggests that fungal cells and bacteria are an important component of their diet. Probably, enzymes present in larval food lost activity when exposed to the alkaline anterior midgut luminal pH or are hydrolyzed by proteases. L. longipalpis larvae feeding on fungal mycelia was observed in our colony and active ingestion of bacteria and yeast cells by these insects was demonstrated. In this way, microorganisms seem to contribute to the nutrition of sandfly larvae, at least under our laboratory conditions.
Conclusion
Sandfly larvae of L. longipalpis eat fungal mycelia under laboratory conditions, and accept yeast and several species of bacteria as food. These insects possess an extensive array of glycosidases able to recognize and hydrolyze cell walls from fungi and bacteria. These enzymes do not seem to be acquired from food and therefore could be produced in the midgut of larvae. Microorganisms seem to be important nutrients for these insects, which is coherent to the observation of its detritivore habit.
